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Innervation patterns of PGP 9.5-positive nerve fibers
within the human lumbar vertebra
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Abstract

Intervertebral disc injury or degeneration is a common cause of low back pain, and yet the specific source of
pain remains ambiguous in many cases. Previous research indicates that the central vertebral endplate is highly
innervated and can elicit pain responses to pressure. In effort to trace the origin of nerves located at the end-
plate, we used protein gene product 9.5 (PGP 9.5) to stain neurofibers and then quantified the spatial pattern
of nerve distribution within a human L4 lumbar vertebra. The majority of nerves were adjacent to blood vessel
walls, and consequently the nerve distribution closely resembled previously established vascularity patterns. We
observed that the majority of nerves enter the vertebral body posteriorly, via the basivertebral foramen, and
cluster in the vertebral center. These nerves follow the course of the nutrient artery, which enters the vertebral
body through the basivertebral foramen, then branches toward the superior and inferior endplates. Our obser-
vations support the notion that nerves found at the central endplate could originate from sinuvertebral nerves
accompanying the nutrient artery into the vertebral body. We also stained neighboring histological sections
with calcitonin gene-related protein and noted significant co-localization with PGP 9.5, substantiating a noci-

ceptive role for the nerves constituting our distribution pattern.
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Introduction

The intervertebral disc forms an avascular, fibrocartilagi-
nous joint between adjacent vertebral bodies. It is com-
posed of three major sub-tissues: the gelatinous nucleus
pulposus, the fibrous annulus fibrosus, and cartilaginous
endplate. The nucleus pulposus is centrally located, com-
posed primarily of proteoglycans and water, and serves as
the osmotic mechanism that generates pressure and volume
to support spinal forces. The annulus fibrosus is firmly
attached to the vertebral edges and surrounds the nucleus
pulposus. It serves both as a ligament to guide interverte-
bral movement and as a barrier to contain nuclear swelling,
thereby facilitating disc pressurization. The cartilaginous
endplate is a thin (0.1-1.6 mm) hyaline cartilage layer that
separates the nucleus from the adjacent vertebra and is sup-
ported by porous subchondral bone. It serves as a semi-
permeable membrane to allow diffusive communication
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between disc nuclear cells and vertebral vasculature, as well
as to prevent large molecular weight proteoglycans from
leaving the nuclear space.

Intervertebral disc injury or degeneration is a common
cause of low back pain, and yet the specific pain source is
unknown for many patients. The disc in its healthy state is
avascular and aneural, except for sparse nerves and vessels
in the peripheral annulus (Malinsky, 1959; Bogduk et al.
1981; Humzah & Soames, 1988). By contrast, the adjacent
vertebral bodies are highly vascularized and innervated,
with vertebral capillaries providing the principal nutritive
support for disc nucleus cells (Antonacci et al. 1998; van
Dieen et al. 1999). With disc degeneration, the vertebral
endplate exhibits increased sensory and sympathetic inner-
vation (Brown et al. 1997; Freemont et al. 2002). Endplate
nerves are prototypical pain fibers that display nociceptor
markers such as the neurotransmitter substance P and high
affinity nerve growth factor receptor trk-A (Freemont et al.
2002). The density of endplate innervation can be compara-
ble to that of the peripheral annulus, suggesting that the
endplate is an important source of discogenic pain (Fagan
et al. 2003). This notion is supported by imaging studies
correlating endplate abnormalities with pain (Weishaupt
et al. 2001), surgical reports demonstrating that the
endplate is painful when touched (Kuslich et al. 1991), and
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clinical data indicating that back pain is ameliorated after
disrupting vertebral nerves during vertebroplasty (Niv et al.
2003).

Despite its potential relevance to spinal pain, the source
and pattern of vertebral innervation is not well described.
As early as 1963, Sherman (1963) observed a ‘large solitary
nerve trunk’ entering the vertebral body via a bony tunnel
in the posterior cortex, the basivertebral foramen (BVF).
More recently, Antonacci et al. (1997) analyzed a large sam-
ple of human vertebra and consistently demonstrated the
presence of neurovascular bundles within the BVF, coining
the phrase ‘basivertebral nerves’. Subsequently, these inter-
osseus nerves were observed to be more prevalent in
regions of bone microdamage (Antonacci et al. 1997, 2002).
Although these studies have confirmed the presence of
nerves in the vertebral body using various histological
neural markers, they have not revealed innervation path-
ways that may link endplate nociceptors to the basiverte-
bral nerve trunk. The goal of this current study was to
quantify the spatial pattern of nerve density within lumbar
vertebra. We demonstrate that central endplate nociceptors
arise from nerves entering the posterior vertebral body
through the BVF.

Materials and methods

Preparation and staining

One L4 vertebra was isolated from the lumbar spine of a 60-
year-old male within 72 h post-mortem (Willed Body Program,
UC San Francisco). Dissection involved careful removal of the
surrounding musculature, adjacent vertebral discs and posterior
vertebral arch. The posterior longitudinal ligament was left
intact to insure that nerves were undisturbed within the BVF.

To facilitate adequate processing for histologic analyses, the
vertebral body was then cut across the coronal plane into five
separate, parallel slabs, each being 5-7 mm in thickness. The
resulting five specimens were then fixed for 7 days in 10% neu-
tral buffered formalin (Thermo Fisher Scientific). Specimens
were decalcified with lon Exchange Decal, a mild but rapid ion
exchange decalcifier (BioCare Medical), until a radiographic
endpoint test confirmed the specimens as calcium-negative.
Specimens were then dehydrated in an ascending series of etha-
nol and cleared with Clearite 3 (Richard Allen), then infiltrated
and embedded in paraffin. Each slab was further sectioned
coronally on a rotary microtome at 200-um increments. Sections
(7 um thick) were then mounted on slides and stained with one
of several neuronal markers: calcitonin gene-related protein
(CGRP; Sigma Aldrich), neurofilament 200 (NF200; Thermo Fisher
Scientific), and protein gene product 9.5 (PGP 9.5; Serotec). Each
section was counterstained with Giemsa. CGRP is a neuro-
peptide found in small myelinated and unmyelinated nocicep-
tors involved in inflammatory pain. NF200 is a marker for large-
diameter myelinated neurons, intermediate filaments, and
A-delta fibers that report sharp pain. PGP 9.5 is a cytoplasmic
ubiquitin C-terminal hydrolase present in all classes of nerves.
PGP 9.5 provided the best nerve contrast and was the stain ulti-
mately used for calculating nerve density.

Imaging and marking

A total of 34 equally spaced PGP 9.5-stained sections were
selected for imaging. Images of the slides were taken under 40x
total magnification (Nikon Eclipse E800) and tiled together
using a motorized stage to create composites of the entire
cross-sectional vertebral body (NewCAST, Visiopharm, Hersholm,
Denmark; Fig. 1A). To enhance contrast between nerves and
background staining, PGP 9.5-positive nerves were marked man-
ually in red on a separate image layer for each section (apose
pHoTosHop CS3 Extended; Fig. 1A). Attention was taken to only
mark nerves residing within the trabecular region of the verte-
bral body. For example, large nerves were observed within the
periosteum, but only nerves within the vertebral centrum were
marked.

Analysis

Each image was reoriented electronically to assure proper
spatial alignment of all 34 sections. The total size of each
image was set to a width and height of 9642 by 5844 pixels
for consistency (at a resolution of 7429.5 ppi). The background
image of the immunostained section was then removed, leav-
ing only the red nerve markings on an otherwise blank image
(Fig. 1A). The resulting nerve-only images were analyzed using
Image) (NIH). To generate graphs depicting the areal nerve den-
sity distribution across the entire vertebral body, each of the
34 nerve images was divided into nine equally sized
(9653 x 648 pixels) rectangular regions of interest (ROI). The
nine ROIs formed horizontal bands stacked from the inferior
endplate to the superior endplate (Fig. 1B). This was done to
quantify differences in nerve density moving from the mid-
transverse plane of the vertebral body towards the endplates.
Within each ROI, the total nerve area was measured (in mm?)
and the number of individual nerves was counted. Surface
graphs of areal nerve density that included data from all 34
sections were generated using matas (The MathWorks, Inc.,
Natick, MA, USA; Fig. 1B). The resulting graphs demonstrate
the nerve distribution and frequencies from a sagittal view of
the vertebral body.

In addition, the L5 vertebra from the same donor was pro-
cessed similarly to confirm the nerve density patterns observed
for L4. L5 was sectioned in the sagittal plan and mid-sagittal
sections were used to calculate nerve density. For three mid-sag-
ittal sections (laterally spanning 1.5 mm), we applied an 8 x 10
grid to the nerve images from each of the sections, creating 80
ROI to measure nerve area and count.

Results

The PGP 9.5 protocol provided a higher specificity for nerve
tissue without confounding background staining and, con-
sequently, was preferable for distinguishing nerves from
surrounding tissues. Amongst clearly identified nerves there
was significant co-localization of the neuronal marker,
CGRP (Fig. 2).

Most nerves were observed within or adjacent to the
blood vessel walls and varied widely in size. The largest
blood vessels and nerves were located within the BVF, while
smaller blood vessels and nerves were found closer to the
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A Image marking

Fig. 1 (A) An image composite of an
example coronal section. A small area is
selected within the foramen and magnified to
demonstrate the marking process first
showing unmarked nerves stained dark
brown with PGP9.5, then having been
marked, and lastly an image of the nerves
only. (B) The orientation of nine red-outlined
regions of interest (ROI). The data from these
nine ROl are then presented along the y-axis
and organized for each of the 34 sections
along the x-axis. These graphs generate a
sagittal view of the nerves distribution
throughout the vertebral body.

Fig. 2 (A) A blood vessel stained with
calcitonin gene-related protein. (B) The same
blood vessel but 5 um away and stained with
protein gene product 9.5 (PGP 9.5). (C) A
blood vessel stained with NF200. (D) The
same blood vessel but 9 um away and
stained with PGP 9.5.

endplates. A small number of nerves were not associated 5.46 x 107" mm?, range = 0.069 mm?) than those found in

with blood vessels and were randomly distributed through- the center third (mean =7.97 x 10°* mm? SD = 1.55 x
out the vertebral body (Fig. 3). The average size of nerves 10~ mm?, range = 0.010 mm?). A Student's t-test verified a
located within the third of the vertebral body closest to the significant difference between these two distributions
endplates was smaller (mean = 6.37 x 107* mm?, SD = (P < 0.0001).
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Fig. 3 Top composite image shows where the following images A
through D are located along a coronal section of the posterior
vertebral body. (A) The large vessels and nerves located in the
basivertebral foramen. (B) A nerve unassociated with a blood vessel
above and a typically innervated blood vessel below. (C) A very thin
nerve moving diagonally and located near the superior endplate. (D)
Another typically innervated blood vessel.

There was a strong correlation between the area and
count patterns (R? = 0.78, P < 0.0001). The resulting L4
nerve and count graphs revealed that most vertebral nerves
lie within the BVF (Fig.4). A second nerve area peak
occurred in the center of the vertebral body, near the BVF
terminus. Here, the nerves form large clusters associated

with a rich blood vessel network (Fig. 5). Nerve frequency
decreased as it progressed towards the endplates and the
small number of nerves found near the endplates were
impartially distributed across the entire endplate region,
with the exception of the posterior border of the endplate,
which showed greater endplate innervation.

The L5 nerve area (Fig. 6) and count showed similar pat-
terns to that from L4, with a large peak near the mid-
posterior border and a second peak in the vertebral center.

Discussion

Our data demonstrate that the interior of the lumbar verte-
bral body is highly innervated, with the majority of nerves
entering through the BVF and clustering in the center of
the body. The nerves vary in shape and size (Fig. 3), and
most are associated with blood vessels. The affiliation of
the nerves with blood vessels is consistent with a previous
histologic analysis of mouse femora showing that trabecu-
lar bone is innerved by a dense network of CGRP-positive
fibers, entering alongside arteries via nutrient foramen
(Mach et al. 2002). It is not surprising, therefore, that our
nerve area pattern resembles that of the vertebral blood
supply. Using vascular injection of radiopaque substances,
early studies investigating the vascular anatomy of the ver-
tebral body have demonstrated that after branching from
the lumbar artery, the nutrient artery enters the vertebra
via the BVF and courses toward the vertebral center, where
it clusters (Crock & Yoshizawa, 1976; Ratcliffe, 1981). These
vessels then branch in ascending and descending trajecto-
ries to supply the central endplate. Consequently, while
connectivity is difficult to establish independently for
nerves, their consistent association with blood vessels is indi-
rect evidence that endplate nerves arise from the basiverte-
bral nerve trunk. Branches of the lumbar artery have also
been shown to penetrate the mid-transverse plane of the
anteriolateral vertebral body and supply the vasculature of
the peripheral anteriolateral vertebral body and corre-
sponding endplates (Crock & Yoshizawa, 1976; Ratcliffe,
1981). While we observed nerves at several locations within
the vertebral periosteum, we did not observe significant
penetration of these nerves through the anterior or lateral
cortices into the vertebral body (Figs 4 and 7).

It has been established that the nerves accompanying the
nutrient artery through the BVF originate from the sinuver-
tebral nerves (Bogduk et al. 1981; Bogduk, 1983). The sinu-
vertebral nerves originate from the sympathetic trunk
(Groen et al. 1990) and are found within the vertebral
canal, supplying the posterior longitudinal ligament and
the posterior peripheral annulus (Bogduk, 1983). Our result-
ing nerve distribution shows a large point of entry at the
BVF and a heightened frequency of nerve along the poster-
ior border of the vertebral body (including the endplate)
and essentially none near the anteriolateral cortex. The
majority of nerves we uncovered seem to penetrate from
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Fig. 4 For each graph, nerve data from each
of the nine regions of interest (ROI) is
oriented along the y-axis. The x-axis organizes
the 34 sections from anterior to posterior
with data from each ROl composing a
complete sagittal view of the L4 interior. L4 2—

Nerve Area depicts the quantity of nerve i

(mm?) in each ROI among the 34 sections. L4

Nerve Count shows the number of individual 30
nerves in each ROl among the 34 sections.

Inferior endplate to superior endplate

the posterior border and presumably originate from the sin-
uvertebral nerve.

The central vascularity of the vertebral body is established
during fetal development, while peripheral vessels persist
after adolescence (Ratcliffe, 1986). Tortuosity of the central
intravertebral arteries and presence of vessels around the
vertebral periphery increases with age (Ratcliffe, 1986) and
is thought to be variable based on degeneration and nutri-
ent availability. It has been demonstrated that the central
arteries of the vertebral body are provided via the nutrient
artery entering the BVF (Crock & Yoshizawa, 1976; Ratcliffe,
1980). The fetal ontogeny of the nutrient artery implies a
consistency in its presence amongst vertebrae of all ages,
whereas the peripheral vessels are acquired later in deve-
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lopment in response to degenerative changes. The variable
presence of peripheral vessels could possibly explain the
lack of peripheral nerves in our L4 vertebral body.

The annular periphery is known to have small nerves and
vessels that could contribute to innervating the adjacent
vertebral endplate rim. These arise from the metaphyseal
arteries coursing along the lateral vertebral column and
house nerve branches from the gray ramus communicans,
separate from the sinuvertebral nerves (Bogduk et al. 1981).
These innervated metaphyseal arteries are also reported to
inhabit the outer third of the vertebral body. Yet, there
remains uncertainty as to the origins of the peripheral ves-
sels due to the difficulty in distinguishing metaphyseal
arteries from coiled nutrient arteries occupying the
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vertebral centrum (Ratcliffe, 1986). Innervated arteries were
present in the mid-lateral regions of our L4 vertebral body,
but their nerve quantity was insignificant in comparison
with that of the nutrient and central arteries (Fig. 7) and
we cannot distinguish their origin. Therefore, the small
number of nerves found near the central endplate must
originate from the large nerves accompanying the nutrient
artery through the BVF. The nerves found within posterior
border of the endplate can be attributed to the close prox-
imity of the posterior longitudinal ligament and, therefore,
originate from sinuvertebral nerves. The sparse nerves found

Fig. 5 (A) An adaptation from Crock &
Yoshizawa (1976), demonstrating the
vascularity seen across a sagittal cross-section
of a lumbar vertebra. (B) A nerve density
graph from our L4 vertebra correlating the
vascular arterial clusters from Crock &
Yoshizawa (1976) to high density nerve
regions in the center portion of the nerve
density graph. (C) An image of a cluster of
innervated vessels from a coronal section
taken of the center of the vertebral body,
verifying the presence of the central arterial
clusters within the L4 vertebra.

0.01 Fig. 6 L5 Mid-Sagittal Nerve Area is an
average of nerve area (mm?) results amongst
three mid-sagittal sections from an L5
vertebral body. The sagittal sections
demonstrate a similar pattern of nerves,
mainly residing in the basivertebral foramen
and center of the vertebral body.

around the anteriolateral periphery of the endplate could
be the origin of nerves belonging to indistinguishable cen-
tral arteries located in the periphery or metaphyseal arteries
around either the peripheral vertebral body or outer
annulus.

Despite the common belief that bone pain arises from
the periosteum, our data demonstrates that the vertebral
body itself contains nerves and can be a source of pain.
Consistent with past reports, we show that the basivertebral
nerves are CGRP-positive, substantiating their role in noci-
ception (Fagan et al. 2003). In support of this, others have
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the center compared to the periphery.

reported that elevated vertebral interosseus pressure can
cause pain ((Esses & Moro, 1992), interosseus pressure is
increased in low back pain patients (Arnoldi, 1976), and
that pain amelioration with vertebroplasty (injection of
cement into the vertebral centrum to treat vertebral frac-
tures) may be due to nerve ablation (Niv et al. 2003).

As part of the healing process, there is an increased pro-
liferation of vessels and vertebral capillaries. The vertebral
endplate serves as a porous interface with the intervertebral
disc through which transport is maintained between inter-
vertebral disc cells and vertebral capillaries. This porosity
causes the endplate to be deformable during spinal pres-
sure fluctuations concurrent with the activities of daily liv-
ing. For example, Heggeness & Doherty (1993) measured
endplate deflections in the range of 0.3 mm during disc
pressurization of 70-100 psi. Further, the endplate is the
weak link during spinal compression and the primary site
of vertebral damage accumulation (Adams et al. 2000;

© 2011 University of California, San Francisco
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Gallagher et al. 2006) that is commonly present in patients
with degenerative disc disease (Brown et al. 1997) and low
back pain (Freemont et al. 2002). Consequently, if nocicep-
tors arising from the BVF are present at this deformable
and damage-prone interface, it may be that some forms of
disc pain are actually vertebrogenic.

Histologic techniques are useful for observing the cellular
morphology within bone, as the embedding process fixes
the physical nature of the tissues and preserves the marrow
cavity architecture. However, given that the interosseus
nerves are small and present in high density, it was not pos-
sible to directly establish connectivity between individual
nerves in adjacent sections that were 200 um apart. Adding
additional complexity was the fact that nerves often obli-
quely cross the plane of cross-section, leading to variability
in nerve areal density calculations. Nerve count, on the
other hand, is not affected by this and may be a more
reliable indicator of innervation patterns. This is because,
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regardless of position or size, a single nerve is quantified
uniquely, whereas its cross-sectional area will vary. Yet, the
high correlation between nerve count and the areal nerve
density (Fig. 4) demonstrates this limitation did not signifi-
cantly affect our observations.

We chose to utilize an L4 due to the high prevalence of
disc degeneration at the L4/L5 segment and its consequen-
tial role in low back pain. Due to the laborious nature of our
histologic approach, it would be impractical to analyze a
larger sample of vertebrae in the same manner. As such, our
data represent a significant advance as, until now, infer-
ences on vertebral nerve distribution have been based on
only a limited number of sections, or sections of isolated
bone samples (Antonacci et al. 1998; Buonocore et al. 2010).

Despite these limitations, our data substantiate prior
observations that vertebra are richly innervated. Further,
we demonstrate that most vertebral nerves enter through
the BVF and course along with blood vessels toward the
vertebral centrum, then branch toward the endplates.
Because of the intimate structural interactions between ver-
tebra and intervertebral discs, these observations suggest
that some forms of pain that have been previously attrib-
uted to intervertebral discs may actually arise from adjacent
vertebra.
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